A B S T R A C T Micropuncture and microcatheteriza
A B S T R A C T Micropuncture and microcatheterization studies have been used extensively to investigate the pathophysiologic alterations in renal function induced by urinary tract obstruction. The present isolated tubule microperfusion studies were designed to examine the intrinsic alterations in segmental nephron function induced by 24 Following UUO J, in proximal straight tubules (PST) was reduced 52% (0.25±0.02 vs. 0.12±0.03, P < 0.01). Thick ascending limb (T-ALH) function was assessed by measurement of ability to lower perfusate chloride ion concentration (ACI). Following UUO AC1 was reduced 76% (-39±9 vs. -9±1 meq/liter, P < 0.001).
Cortical collecting tubule (CCT) function was assessed by measurement of antiduiretic hormone (ADH)-dependent osmotic water flow. Following UUO osmotic water flow was reduced 76% (0.90±0.08 vs. 0.22±0.04 nl/mm per min, P < 0.01) and this ADH resistance could not be overcome by cAMP. Nephron segments were then examined following relief of BUO. There were no differences in intrinsic function following relief of BUO when compared with UUO. We conclude that in UUO and BUO (a) the intrinsic tubular defects are identical, (b) the natriuresis noted is due, in part, to disordered JMPCT, PST, and T-ALH NaCl reabsorption, (c) the impaired concentrating ability is due,
INTRODUCTION
As has been demonstrated in many studies in man and experimental animals, urinary tract obstruction induces pathological changes in renal function (1, 2) . The character and magnitude of these changes appear to depend on whether the obstruction involves one or both kidneys. After release of bilateral ureteral obstruction a diuresis and natriuresis usually occurs that is not observed after release of unilateral obstruction. During the postobstructive diuresis following relief of bilateral obstruction, surface micropuncture studies indicate that proximal tubule reabsorption is normal or reduced while distal tubule reabsorption is consistently reduced (3, 4) . Papillary micropuncture studies demonstrate a reduction in proximal reabsorption of deep nephrons before the bend in Henle's loop and normal functioning of the terminal papillary collecting duct (5) . Evaluation of medullary collecting duct function following relief of bilateral ureteral obstruction by the microcatheterization technique showed no significant reabsorption of salt and water along the length of this segment (6) . After release of unilateral ureteral obstruction, micropuncture studies indicate that there is increased fractional reabsorption in proximal and distal tubules of surface nephrons (7, 8) . Papillary micropuncture in this setting again shows a decreased fractional sodium reabsorption before the bend of Henle's loop of deep nephrons and a normal functioning of the papillary collecting duct (9, 10) . Microcatheterization of the medullary collecting duct following release of unilateral ureteral obstruction again demonstrated the same defect in collecting duct function as observed in bilateral obstruction. Studies of bilateral and unilateral obstruction using clearance, micropuncture, or microcatheterization techniques do not provide a clear assessment of the direct effects of obstruction on intrinsic tubular functions. In these models, changes in tubular reabsorption rates are also critically dependent on volume status, possible circulating natriuretic factors as well as regional renal blood flow and its effect on interstitial composition and physical factors. Therefore, differences in multiple factors could be responsible for the postobstructive diuresis observed following relief of bilateral obstruction but not after release of unilateral obstruction. There have been studies examining the direct effect of in vitro increases in hydrostatic pressure on tubular function in isolated perfused tubules. They demonstrated that an acute in vitro increase in hydrostatic pressure has no effect on proximal convoluted tubule fluid reabsorption (11) but may alter transport in the cortical collecting tubule since the potential difference fell in response to this maneuver (12) . The lack of information on intrinsic tubular function following relief of obstruction prompted us to develop a model of unilateral ureteral obstruction (UUO) and bilateral ureteral obstruction (BUO) for 24 h in the New Zealand White rabbit (13 
METHODS
Female New Zealand rabbits weighing 1.5-2.5 kg were used in all experiments. All rabbits were fed a standard laboratory diet and had free access to water. Studies were performed to assess the degree and pattern of renal abnormalities produced by 24 h of complete unilateral and bilateral ureteral obstruction. These animals were anesthetized with intravenous sodium methohexital (Brevital sodium, Eli Lilly, & Co., Indianapolis, Ind.) and complete UNO or BUO was accomplished with sterile procedure by tying a 3-0 silk suture around the ureter(s) just above the ureterovesical junction. The animals were allowed to recover from anesthesia and were returned to individual cages where they were then given free access to food and water. 24 h later the animals were reanesthetized with intravenous barbiturate and one of the following two protocols was followed: (a) standard clearance studies were performed immediately after relief of obstruction by catheterizing each ureter and obtaining separate urine collections. A 30-min equilibration period of moderate volume expansion (5% of body wt) was followed by four timed 10-min urine collections during a constant infusion of normal saline containing inulin and pitressin or (b) the obstructed kidney was removed through a flank incision. The kidney was then sliced for dissection and microperfusion. The experimental UUO or BUO kidney is compared with the control unobstructed kidney (UK) in both clearance and microperfusion studies.
Segments of renal tubules were perfused in vitro by techniques previously described (14) (15) (16) . After being removed, the kidney was cut into 1-2-mm slices and the appropriate segment was dissected free in a chilled dish of artificial ultrafiltrate with 5% vol/vol fetal calf serum. The tubules were perfused with an artificial ultrafiltrate of the following composition (in mM): NaCl, 105; KCI, 5; NaHCO3, 25 (Table  III) . As in the SPCT, tubules were obtained from kidneys subjected to UUO, the contralateral UK, and kidneys from animals subjected to 24 h of BUO. J, in tubules obtained from UUO PST. Segments of PST were dissected, perfused, and measurements made of J, and PD (Table IV) . Tubules were obtained from kidneys subjected to UUO, the contralateral UK, and kidneys from animals subjected to T-ALH. Tubules were obtained from kidneys subjected to UUO, the contralateral UK, and kidneys from animals subjected to 24 h of BUO. The functional integrity of this segment was assessed by measurement of the ability to lower the perfusate chloride ion concentration. Segments of T-ALH were dissected, per- (9) showed a smaller difference of 41 and 33%, respectively. Fractional reabsorption was also found to be increased in the superficial distal tubule but absolute reabsorption was decreased because of low GFR (7). Direct examination of the intrinsic transport capacity of SPCT in the present study (Table  II and Fig. 1) shows that the reabsorption rate in this segment following 24 h of UUO is essentially normal and identical to the contralateral control kidney, implying that the decrease in absolute reabsorption of surface proximal tubules is purely a function of decreased GFR. Papillary micropuncture has shown that proximal delivery from deep nephrons to the bend of Henle's loop is increased 50% following relief of UUO (9) . In addition, there appears to be an inward redistribution of single nephron glomerular filtration rate (SNGFR) since deep nephron SNGFR was better preserved than surface nephron SNGFR. Direct evaluation of JMPCT and PST reabsorptive rates in this study demonstrated that obstruction itself affects the intrinsic transport capacity of these segments depressing their reabsorption rates 32 and 50%, respectively (Table III, IV, and Fig. 1 ). The PST utilized in this study were identified as being from cortical nephrons in that they had their origin within 1-2 min of the renal capsule. The actual anatomic location of these segments is the midcortical region of the kidney. Therefore, ,_C these studies demonstrate that PST in the midcortical region and proximal convoluted tubules in the juxtamedullary region have depressed reabsorptive rates following obstruction. Although PST from juxtamedullary nephrons were not specifically examined it is likely that this segment was also adversely affected by the obstructive process. Increased delivery to the bend of the loop of deep nephrons (9) could be due to an isolated defect in JMPCT, or more likely to a defect in both the JMPCT and juxtamedullary PST.
Direct evaluation of T-ALH function following relief of UUO has not been possible using micropuncture techniques. Comparison of late proximal tubule and early distal tubule sodium delivery is difficult to interpret due to the low flow rates involved. Direct evaluation of the T-ALH following relief of UUO in the present study (Table V and Fig. 2 ) demonstrates significant functional impairment. This was suggested even during dissection, as these tubules appeared to be uncharacteristically dilated. This depression of T-ALH function could conceivably contribute to two observed phenomena following relief of obstruction. Decreased T-ALH function could contribute to the high sodium excretion as well as to the poor concentrating ability because of the dependence of medullary hypertonicity on T-ALH function.
The functional integrity of the collecting tubule is probably the most controversial aspect of obstructive pathophysiology. Microcatheterization data in the medullary collecting duct suggests that this segment no longer reabsorbs and may actually secrete salt and water following relief of obstruction (6) . Micropunc- Isolated Nephron Segments in Obstructive Nephropathyture of the papillary collecting duct, on the other hand, indicates normal reabsorption of salt and water. Whether this difference is due to the segments examined or the technique employed is, at present, unclear. Sodium reabsorption was not specifically examined in this study because normal rates of sodium reabsorption in the CCT are low and highly variable when assessed by the technique of isolated tubule microperfusion. In the present study we examined the ability of the CCT to respond to ADH in the presence of an osmotic gradient. Following relief of obstruction isolated CCT demonstrated a significantly depressed ADH-dependent osmotic water permeability (Table  VI and Fig. 2) . We attempted to examine the mechanism involved in this defect by examining the response of tubules to a potent cAMP analog. The response to this agent was also significantly depressed suggesting that the defect induced by obstruction occurred at a site distal to the intracellular generation of cAMP (Table VII ). These studies demonstrate that the concentrating defect following relief of UUO is due, in part, to ADH resistance of the CCT.
In all disease models examined thus far by the in vitro isolated tubule technique, an ADH resistance has been demonstrated in the CCT. In a study of the remnant model of chronic renal failure Fine et al. (26) examined the response of the CCT to ADH and a cAMP analogue (8-bromo cAMP). They observed a blunted hydroosmotic response to these agents, which was not further stimulated by theophylline (a phosphodiesterase inhibitor). An analysis of vasopressinstimulated adenyl cyclase activity in the remnant model by these investigators also demonstrated a 50% reduction with normal basal activity. From these studies they concluded that the ADH resistance of the CCT was due both to a defect in the tubule adenyl cyclase and to a defect beyond the generation of cAMP. Examination of the hydroosmotic ADH response in tubules from animals with ischemic acute renal failure (23) also demonstrates a significant defect. Whether all models examined thus far possess a defect in both adenyl cyclase and cellular response beyond the generation of cAMP has not been answered. The present studies suggest that following obstruction a defect is present beyond the intracellular generation of cAMP.
Following release of BUO, there is also a decrease in GFR and an increase in fractional sodium excretion. In contrast to UUO, tubular reabsorption in the proximal tubule of surface nephrons is normal (4) or even decreased (3). These same micropuncture studies show that reabsorption in the distal tubule is consistantly reduced. Direct examination of the intrinsic transport capacity of SPCT in the present study (Table II and Fig. 1) shows reabsorptive rates following relief of 24 h of BUO to be essentially normal and equal to that observed in UUO and in the UK. This would imply that any decrease in reabsorption following release of BUO was probably secondary to altered physical factors related to volume expansion or possible circulating natriuretic factors. Papillary micropuncture has demonstrated a 40% reduction in reabsorption before the bend of Henle's loop in deep nephrons (5) . Direct evaluation of JMPCT and PST reabsorption rates in the present study (Table III , IV, and Fig. 2) shows that obstruction itself affects the intrinsic transport capacity of these segments depressing their reabsorption rates 32 and 36%, respectively. As with UUO, although PST from juxtamedullary nephrons were not specifically examined, it is likely that this segment was adversely affected by the obstructive process. Increased delivery to the bend of the loop of deep nephrons after relief of BUO also could be due to an isolated defect in JMPCT or more likely to a defect in both JMPCT and juxtamedullary PST. Direct evaluation of T-ALH function following relief of BUO has not been possible using micropuncture techniques. Comparisons of end proximal and early distal tubule fluid-to-plasma (TF/ P) sodium and (TF/P) osmolality suggested that sodium and water reabsorption continued in the loop following relief of BUO but sodium reabsorption appeared to be impaired (4) . Direct evaluation of T-ALH following relief of BUO in the present study (Table  V and Fig. 2 ) demonstrates significant functional impairment. As in the UUO model, this was suggested even during dissection, because of the uncharacteristic tubular dilatation. Disordered T-ALH function in BUO could lead to the natriuresis and concentrating defect noted in this state. Microcatheterization of the medullary collecting tubule following relief of BUO suggests impaired reabsorption and even possible secretion of sodium and water (6) . Papillary micropuncture following relief of BUO demonstrates intact functioning of the papillary collecting duct. The functional integrity of the CCT following relief of BUO in the present study was evaluated in a manner similar to that used following relief of UUO. Isolated CCT exhibited a significantly depressed response in ADHdependent osmotic water movement (Table VI and Fig. 2) . As in UUO, the concentrating defect following relief of BUO is due, in part, to an ADH resistance of the CCT. Segmental proximal nephron function, as reflected by rates of fluid reabsorption, is summarized in Fig.  1 . In this series of studies we could detect no difference in intrinsic transport function between tubules from UUO and BUO kidneys immediately after release of obstruction. Obstruction brings about tubular functional alterations in the JMPCT and PST while ap-parently not affecting the SPCT. These findings are consistant with all published surface and papillary micropuncture data and provides direct information on the effect of obstruction on tubular function independent of regional renal blood flow, physical factors, or circulating natriuretic substances with a persistent in vitro effect. Segmental distal nephron function is summarized in Fig. 2 . As in the proximal nephron we could detect no difference in intrinsic transport function between tubules from UUO and BUO kidneys. Obstruction alters T-ALH sodium chloride transport profoundly and imparts a state of ADH resistance on the CCT. The fact that tubules from UUO and BUO kidneys respond in exactly the same manner to obstruction suggests that the postobstructive diuresis observed following relief of BUO is due for the most part to changes in body composition or volume. Circulating natriuretic factors could contribute to the postobstructive diuresis following relief of BUO but it is necessary to postulate that these substances have effects only while present in situ. In our in vitro experimental setting there is no evidence for circulating natriuretic factors that may contribute to the postobstructive diuresis following relief of BUO by inducing persistent changes in tubular transport parameters.
The mechanism by which obstruction brings about changes in segmental nephron transport is unclear. Studies have shown that renal blood flow increases immediately after UUO or BUO but then progressively declines to less than half normal by 24 h (26). In both, UUO and BUO, medullary plasma flow decreases after ureteral obstruction and after 24 h is < 20% of normal flow (27) . After 24 h of UUO and BUO in the rat, Harris and Yarger (8) using the modified Hansen technique concluded that outer cortical peritubular plasma flow is much better preserved than peritubular flow in the juxtamedullary cortex or outer medulla. The effect of acute ischemia on tubular function has recently been investigated (23) . In the proximal nephron reabsorption rates are decreased, and in the distal nephron T-ALH function is reduced, and the response of the CCT to ADH is blunted. These changes are consistent with the observed alterations in tubular function found in the present study. The unique preservation of SPCT function following release of obstruction may be due, in part, to better maintenance of superficial cortical blood flow.
In summary. we have examined a rabbit model of UUO and BUO by clearance and microperfusion techniques. Analysis of segmental nephron function has shown that the intrinsic tubular effects induced by obstruction are identical in UUO and BUO. The natriuresis noted in UUO and BUO is due, in part, to disordered JMPCT, PST, and T-ALH sodium chloride reabsorption while the impaired concentrating ability is due, in part, to depressed function in T-ALH and ADH resistance of the CCT. One site for this ADH resistance of the CCT occurs at a site distal to the intracellular generation of intracellular cAMP.
